Mini insulin-like growth factor 1, an inactive insulin-like growth factor I mutant lacking the C region, was studied by 2D NMR spectroscopy. Resonances were assigned for almost all protons of the 57 amino acid residues. The 3D structure of the protein was determined by distance geometry methods. Three helical segments; Ala 8-Cys 18, Gly 42-Phe 49, and Leu 54-Cys 61, were identified, corresponding to those present in wild-type insulin-like growth factor 1 and in single-chain insulin. Their relative orientation, however, was found to be changed. This change is connected with a displacement of the Phe 23-Tyr 24-Phe 25-Asn 26 P-strand-like segment, i.e., of aromatic side chains known to be important for receptor binding. Thus, deletion of the C region of IGF-1 results in a substantial tertiary structural rearrangement that accounts for the loss of receptor affinity.
activity of IGF-1 are thought to arise from crossbinding to each other's receptors. Ligand-receptor specificity in the insulin and IGF-1 systems is determined by the sequence differences between the two ligands and the common binding sites of the two receptors, respectively (Kjeldsen et al., 1991) .
Mini proinsulins crosslinked between Gly A1 and Lys B29 have been very important for analyzing the structure/function relationships of insulin (Brandenburg et al., 1972 (Brandenburg et al., , 1975 (Brandenburg et al., , 1977 Brandenburg & Wollmer, 1973; Freychet et al., 1974; Gliemann & Gammeltoft, 1974; Nakagawa & Tager, 1989) . CD spectroscopic and crystallographic studies have demonstrated that such artificial bridges are accommodated without affecting the molecule's structure (Brandenburg et al., 1972 Cutfield et al., 1981) . Furthermore, bridges, except for excessively long ones like the connecting peptide in proinsulin, do not cover the surface areas of insulin identified to interact with the receptor (Cutfield et al., 1981) . Nevertheless, the maximum receptor affinity and, hence, biopotency, is 12% when the bridge contains 15 atoms (between Ca-A1 and Ca-B29), and only 7% when the length of the bridge ideally matches the distance between the groups linked. These values decrease to less than 0.1% when the bridge is shortened, until, in the end, the N-terminus of the A-chain and the C-terminus of the B-chain in des [B30] insulin are linked by a peptide bond (Markussen et al., 1985; Markussen, 1987) .
These findings have promoted the view that crosslinking A1 and B29 is restricting the flexibility required for induced fit to the receptor (Wollmer et al., 1989) . Togetherwith the observation that the C-terminal pentapeptide of insulin is unnecessary for full potency (provided the B25 carboxylate charge is neutralized), this has led to the hypothesis that, for receptor binding, the C-terminal B-chain must detach from the body of the molecule to facilitate receptor binding (Mirmira & Tager, 1989; Derewenda et al., 1991 ; Hua et al., 1991 Hua et al., , 1993 Murray-Rust et al., 1992; Nakagawa & Tager, 1992; Wollmer et al., 1994) . This movement, which makes the highly conserved side chains of Ile A2 and Val A3 more accessible, is of course impeded or even abolished by a bridge.
In the case of IGF-I, the C region does not impair receptor interaction. On thf contrary, it contributes directly to the free energy of binding. Site-directed mutagenesis has demonstrated that the IGF-1 receptor recognizes Tyr 31, which is located there (Bayne et al., 1990) . Not unexpectedly, the replacement of the native C region by a tetraglycyl substitute reduces the receptor affinity by a factor of 100 (Bayne et al., 1989) . For mini IGF-I, a genetically engineered IGF-1 mutant ( Fig. 1) analogous to Markussen's singlechain insulin, in which Pro 28 and Gly 42 are peptide linked, but with the D region also present, binding to the IGF-I receptor is lost altogether. As postulated for the binding of insulin to its own receptor, it has been proposed that IGF-I receptor binding also involves a conformational change in which the C-terminal residues of the B region detach sufficiently from the body of the molecule to expose residues of the underlying A region (Gill et al., 1996) .
Interestingly, although mini IGF-I has no affinity for the IGF-1 receptor, its affinity for IGF-I binding protein-3 is reduced only marginally (Heding et al., 1996) . In the present study, we report on the solution structure of mini IGF-1 solved by NMR spectroscopy.
Results
Sequence-specific assignment of the 'H resonances was performed according to the method of Wiithrich (1986b) . The procedure involves (1) identification of the amino acid spin systems on the basis of TOCSY spectra measured with different mixing times and (2) differentiation of identical spin systems as well as sequencespecific assignment using the sequential duN and dNN cross-peaks in the 2D NOESY spectra.
The chemical shifts of the 'H resonances identified for the individual amino acid residues are tabulated in Table 1 . The sequence numbering used throughout this paper is that of wild-type (wt) ). An overview of the short dispresented in Figure 2 . The assignment allowed the identification of most of them.
Secondary structure elements are characterized by patterns of specific short interproton distances: dNN, doN(i,i+3) and dpN(i,i+3). The dNN connectivities indicate that three chain segments in mini tance NOES observed, dNN. daN. dpN. duN(i,i+3) and dp~(r,i+3), is IGF-1 adopt an a-helical conformation: residues 8-22,42-50, and 54-61 (Fig. 3) .
In the first segment, comprising residues 8-22, strong daN(,,r+3) connectivities are also observed for i = 9 to i = 14. The connectivity for i = 8 is undetectable because the C,H resonance of Ala 8 is obscured by the water resonance. The dpN(i,r+3) connectivities were observed for all resonances where i = 9, 10, 12, and 13, indicating a-helical conformation at residues 8-18 (helix I). For the second segment, characterized by dNN connectivities for i = 42-49, d, N and d,, connectivities were also observed for the amino acid residues 43-49, but not for i = 44, indicating a-helical conformation at residues 4 2 4 9 (helix 11). The third segment, comprising residues 54-61, shows daN connectivities for i = 54, 56, and 57, and d,, connectivities for i = 55 and 56, indicating a a-helical conformation at residues 54-61 (helix 111).
Another indication of secondary structure can be provided by the C,-proton chemical shift index (Wishart et al., 1992) ; a-helical conformation is characterized by four consecutive negative values. The chemical shift index calculated for mini IGF-I confirms the presence of three a-helical segments at residues 9-1 7, 4 3 4 6 , and 53-59 (Fig. 4) .
The pattern of characteristic hydrogen bonds in these helical segments was confirmed by deuterium exchange experiments. The resonances of the amide protons of residues 12, 14-18,22,44-48, 50, and 57-61 were all still present 30 min after sample preparation (Fig. 2) .
A total of 388 NOEs was identifiable from the series of 2D NOESY spectra: 170 of these were intraresidual, 92 sequential, 67 medium range, and 59 long range (Table 2 ). These NOEs were converted into their corresponding interatomic distances and used to determine the 3D solution structure of mini IGF-I by distance geometry methods (Table 2 ). This approach (see Materials and methods) resulted in 15 structures that satisfied the experimental data. These structures are shown in Figure 5 after superposition. To obtain their RMSDs, they were fitted using different atom types (C, atoms, all backbone atoms, or all atoms) and restricting or not restricting the fit to certain parts of the molecule (individual helices, all helices, or the whole molecule). The results for those different fits are presented in Table 2 . When including all atoms of the molecule in the fitting procedure, the RMSD is only 2.1 A. The RMS backbone deviation is lower (1.7 A), indicating that some of the side chains are mobile. Separate fitting of the individual helices onto their backbone atoms gives small RMSDs of 0.4 A, 0.4 A, and 0.6 A for helix I, helix 11, and helix 111, respectively, indicating 2P  3E  4T  5L  6C  7G  8A  9E  I OL  IIV  12E  13A  14L  15Q  16F  17V  I8C  19G  20E  21R  22G  23F  24Y  25F  26N  27K  28P  42G  431  44V  45E  46E  47c  48C  49F  5OR   51s   52C  53E  54L  55R  56R  57L  58E  59M  60Y  61C  62A  63P  64L  65K  66P  67A  68K that the helices are particularly well defined. Fitting the structures onto all three helices simultaneously yields a higher RMSD of 0.8 A, indicating slight differences in the relative positions of the helices within the different structures of the ensemble. The average RMSD for the C, atom of every residue in the sequence, after fitting all C, atoms, is plotted in Figure 6 . It is clear from this figure, as well as from the data in Table 2 , that the three helical segments are much better defined than the other parts of the molecule. The highest flexibility is encountered at the C-terminus and at the 6-residue loop connecting helix I and 11, i.e., at residues 24-42. 'pH not reported. dIntraresidual and sequential NOES not reported separately. eMedium and long-range NOES not reported separately.
regions only, all backbone atoms (N, C,, CO) and for all atoms. of the 15 structures of mini IGF-1 (fitted for all C,-atoms) generated by distance geometry calculations.
Helix I is followed by a p-turn comprising residues 19-22, which appears to be stabilized by a hydrogen bond found in all of the 15 structures calculated. Whereas the acceptor, the carbonyl oxygen of Gly 19, is not detectable spectroscopically, the involvement of the amide proton of Gly 22 in hydrogen bonding is reflected in its slow exchange rate (Fig. 2) .
The p-turn is followed by an extended chain segment consisting of residues Phe 23, Q r 24, Phe 25, and Asn 26. The side chains of both phenylalanines (yellow) point into the core of the molecule (Fig. 7) and are in contact with many side-chain protons of amino acid residues in helices I and II, e.g., Val 11, Leu 14, Gln 15, Ile 43,
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and Val 44 (Fig. 8) . The side chain of Tyr 24 (yellow) is very flexible and located outside of the protein core; no contacts of its protons with other residues were detectable.
The C-terminal segment of mini IGF-1 is the most flexible one of the molecule; there are very. few contacts to other parts of the molecule. The N-terminal chain is much better defined and lies parallel to the loop connecting the antiparallel helices II and III, its position being defined by three long-range NOES, Thr 4-Asp 53, Pro 2-Leu 10, and Gly 1-Arg 55. Gly 1 points into the space between helices I and III, its positive charge being involved in an interaction with the negative side-chain charges of Arg 55 and Glu 58. This cluster is shielded by the D region, which lies roughly parallel to helix III.
The atomic coordinates of mini IGF-1 are available upon request.
Discussion
Comparison of the structure of mini IGF-1 with that of wt IGF-1 calculated by (Cooke et al., 1991) shows that the deletion of the C region reduces the conformational space available to the part common to both molecules. This results from the greater number of long-range NOES detected and is illustrated by the better convergence of the structures in the ensemble. As judged by both the number of NOES and the RMS values, the solution structure of mini IGF-1 is much better defined than that of wt IGF-1 (Cooke et al., 1991; Sat0 et al., 1993) . The wt IGF-1 used for comparison is that of Cooke et al. (1991) . which has been measured at somewhat higher pH and 50 "C ( Table 2 ). The authors, however report that the structure is the same at 30°C. Discussing differences between the average structures in too much detail does not make sense, given the 5.1-A RMSD for the backbone atoms within the wt ensemble (Table 2) . In some parts of the molecules, differences in chemical shifts are observed. Those for the amide protons in the segment 19-26, for instance, range from 0.10 to 0.22 ppm.
Although the two structures are similar globally, there are substantial differences in the spatial arrangement of the helices. This is further highlighted when SCI is included in the comparison. For presentation in Figure 9 , structures of mini IGF-1 and wt IGF-1 were both superposed onto that of SCI by fitting helix I onto the latter's central B-chain helix (all in red) and then the structures were separated by lateral shifts without changing their orientation.
In wt IGF-1, the axes of helices II (green) Mini IGF-1 is unique with respect to the position of Gly 1, which protrudes into the space between helices I and 111, where its N-terminal charge is involved in an electrostatic interaction with residues Arg 55 and Glu 58. The exact conformation of the 8 N-terminal residues is defined by three long-range NOES, Thr 4-Asp 53, Pro 2-Leu 10, and Gly 1-Arg 55.
Mini IGF-1 is strikingly different from both wt IGF-1 and SCI in the P-strand-like segment at residues Phe 23-Tyr 24-Phe 25-Asn 26 (Phe B24-Phe B25-Tyr B26-Thr B27 in SCI). If the conformation of this segment were the same as that of wt IGF-1, the restrictions imposed by the deletion of the C region would result in exposure of Phe 23, Phe 25, and of the hydrophobic core to solvent. Interestingly, however, a displacement of the strand, facilitated by the flexibility of the preceding P-turn residues 19-22 (B20-B23 in SCI), allows the core to remain shielded from solvent, and the important interactions of Phe 23 and Phe 25 with Val 11, Leu 14, Ile 43, and Val 44 to be maintained (Fig. 10) . This change of conformation in the P-strand-like segment may provide the driving force for the movement of the helix 11-turn-helix III motif relative to helix I, which is described above (Figs. 9, 10) .
The three aromatic side chains Phe 23, Tyr 24, Phe 25 are known to be greatly important for receptor binding (Cascieri et al., 1988) .
Although their relative orientation is largely the same, they are all accessible in wt IGF-I, whereas in mini IGF-1, this applies fully to Tyr 24 and much less to Phe 25, but Phe 23 is deeply buried. Hence, the triad as a whole seems not to be available for interaction with the receptor. This feature, together with the altered arrangement of the secondary structural elements, the restricted molecular flexibility, and the absence of the important residue Tyr 31 (Bayne et al., 1990) of the wt C region, may account for the lack of receptor affinity of mini IGF-I. The contributions of the individual effects cannot be resolved.
It is important to note that mini IGF-1 is still recognized by IGF binding protein-3, albeit with an association constant 1/6 that for Site-directed mutagenesis studies have shown that residues Glu 3, Thr 4, Gln 15, and Phe 16, are crucial for interaction with IGF binding protein-3 (Cascieri & Bayne, 1994) , whereas residues Phe 49, Arg 50, and Ser 51 are of secondary importance (Baxter et al., 1992) .
The relative positions and orientations of residues 3, 4, 15, and 16 in wt IGF-1 turned out to be virtually unaffected by the deletion wt IGF-1. of the C region. This may explain that mini IGF-1 still binds to IGF binding protein-3. The reduction in affinity for the IGF binding protein-3 could be due to altered positions of residues 49-5 1. Also, the reduced flexibility of mini IGF-1 as a whole and of its N-terminal chain, in particular, could affect the capability of induced fit.
Materials and methods

Sample preparation
Mini IGF-1 was generated by site-directed mutagenesis of a synthetic yeast-mating factor crlhuman IGF-1 gene and cloned into yeast expression vector pMA91ABam. Monomeric mini IGF-1 secreted from transformed Saccharomyces cerevisae was purified by gel filtration and the two disulfide isomers separated by reversedphase HPLC (Gill et al., 1996) . In this study, only the isomer with the cysteine pairing of native insulin was used.
The samples were prepared by dissolving the lyophilized protein in 10% D20/10% CD3COOD/80% H20 (100 v/v, pH 1.9). The protein solution (2-3 m M ) was filtered through a 45-pm low protein-binding disposable filter (Millipore) before being placed in the NMR sample tube.
NMR spectroscopy
All NMR spectra were measured on a Varian Unity 500 MHz spectrometer. 2D NOESY spectra were recorded at 30°C in the phase-sensitive mode using TPPI in tl and quadrature detection in t2 (Drobny et al., 1979; Bodenhausen et al., 1980) . The 2D spectra were recorded with 512 X 2,048 data points and with spectral widths of 6,000 Hz and 7,000 Hz, respectively. The water resonance was presaturated with a weak radio frequency field using a preparation period of 1 s. The induction decays of the NOESY spectra (with mixing times 50 ms, 100 ms, 150 ms, 200 ms, 250 ms, and 300 ms) and 2D TOCSY spectra (with mixing times 22 ms and 33 ms) were multiplied by a 60" phase-shifted sine-bell in both dimensions. Both NOESY and TOCSY spectra were zero filled in wl and Fourier transformed so that spectra with 1,024 X 1,024 data points were obtained. These spectra were base-line corrected by use of a polynomial function. All data were processed and analyzed with the program SNARF (written by Frans van Hoesel, Groningen).
For deuterium exchange measurements, the lyophylized protein was dissolved in a 90% D20/10% CD,COOD (100 v/v) solution. The color code for the helices is the same as in Figure 9 . The aromatic side chains of Phe 23 (red), vr 24 (orange), and Phe 25 (green) are illustrated as well as the side chains of Leu 14 (red) and ne 43 (green) with which they interact. In mini IGF-1, the P-strand-like segment containing the aromatic residues that are known to be important for receptor binding has adopted a completely different orientation in which Phe 23 is buried. Irrespective of the rotated helix 11-turn-helix III motif, the internal hydrophobic contacts are maintained, although rearranged.
A series of 1D spectra was recorded with a spectral width of 2,048 complex data points. The first spectrum was recorded 15 min, the last one 20 h after dissolving the protein.
Distance geometry calculations
The 388 NOEs derived from the 2D-NOESY spectra were converted into their corresponding interatomic distances. As a reference, the distance between the geminal CpH protons of Cys 48 and Tyr 60 were assumed to be 1.75 A (Wuthrich, 1986a) . The distances were calculated from NOE intensities measured in a series of NOESY experiments with increasing mixing times. To test for the effect of spin diffusion, the profiles of the NOE build-up rates were analyzed; the NOEs compromised by spin diffusion were excluded from conversion into distances.
The measured distances, increased by at least O.l& were taken as the upper limits for the distance restraints. This accounts for uncertainties in the calibration procedure, the cross-peak volume determination, and dynamic averaging of the NOEs. The lower distances were always assumed to be the sum of the van der Waals radii of the two atoms involved.
Disulfide bridges were introduced as upper and lower distances between the sulfur and atoms (derived from the X-ray structure of bovine pancreatic trypsin inhibitor, Brookhaven Protein Data Bank, 6PTI) of the cysteines linked. These, together with the experimentally derived distances, were collated in a matrix and 24 3D-coordinate frames were calculated using Crippen's embed algorithm (Crippen & Havel, 1978) .
For the following optimization procedure, the proper chiralities were imposed on all asymmetric carbons and, to ensure the correct handedness of the helices, a list of quadruples of atoms (chirals) was constructed for which the signed volume was constrained to its target value, calculated from a helical reference structure. This was performed for atoms connected to the asymmetric carbons in the standard way (Havel et al., 1983) , as well as for quadruples of N-atoms of consecutive residues in the helical regions.
An error function consisting of a distance and a chirality part (Havel et al., 1983) was minimized in three stages. In the first stage, a 200-step conjugate gradient optimization was performed twice. The second stage was a distance-bound driven dynamics (DDD) calculation (Kaptein et al., 1988; Scheek et al., 1989) . The first 1,000 time steps of the DDD calculation were performed for an elevated temperature (1,000 K), followed by an annealing phase of another 1,000 steps, during which the kinetic energy was grad-ually eliminated by coupling to an external bath at a temperature of 1 K (Berendsen et al., 1984) . The final stage was another 200-step conjugate gradient optimization.
These structures were analyzed with respect to their secondary structural elements (helices). Together with the specific NOE pattern and the information obtained by analyzing the deuterium exchange rates, they were used to define additional distances for hydrogen bonds in helical regions. These distances were added to the distance matrix and the whole procedure described above was repeated.
All these calculations were performed with the DG program library provided by Dr. R.M. Scheek, University of Groningen, The Netherlands.
Atomic coordinates
The atomic coordinates of IGF-I (2GF1) and SCI (6INS) were obtained from the Brookhaven Protein Data Bank.
Computer graphics
For graphical representation, the program GRASP (Nicholls et al., 1991) was used.
